Restriction site variations in nuclear ribosomal DNA (rDNA) spacers and mitochondrial DNA (mtDNA) were examined in several populations of mole rats with variable numbers of chromosomes, which represented the two superspecies Spalax leucodon (2n = 38, 54, or 62) and Spalax ehrenbergi (2n = 52, 54, 58, or 60). Sequence divergence of rDNA spacers between the members of the superspecies was approximately 8%, while the variation within each superspecies was 4% on average. The intrasuperspecies differentiation of rDNA spacers was generally associated with changes in the diploid number of chromosomes.
Introduction
Chromosome translocation with centromeric fusion, known as Robertsonian (Rb) translocation, has been observed in many animal species. In such species, hybrid zones have sometimes been found between different chromosomal species, for example, in Spalax ehrenbergi (Nevo and Bar-El 1976; Savic and Nevo 1990; Nevo 199 1) and Mus muscuZus (Winking 1986 ). In Israeli mole rats (S. ehrenbergi) in particular, genetic differentiation associated with allozymes (Nevo 199 l) , mitochondrial DNA (mtDNA; Nevo 1991; Nevo et al. 1993) , and ribosomal DNA (rDNA) spacers (Suzuki, Moriwaki, and Nevo 1987; Nevo and Beiles 1988) is closely correlated with the chromosomal species. Thus, Rb translocation may be one of the driving forces for the differentiation of species (SaviE and Nevo 1990 ). However, this observation cannot be generally applied because Rb translocations in M. musculus have been found only in a subspecies of the species, namely, A4. m. domesticus, and the free exchange of genes has occurred among populations with karyotypes from 2n = 22 to 2n = 38 (B&ton-Davidian et al. 1980; Ferris et al. 1983b; Moriwaki et al. 1984) . To examine the validity of the proposed involvement of Rb translocation in differentiation of species, it is necessary to estimate the Ribosomal DNA and mtDNA have been successfully used as molecular genetic markers in attempts to reveal the population structures and evolutionary relationships of many animal species (e.g., Arnheim et al. 1980; Yonekawa et al. 1981 Yonekawa et al. , 1988 Ferris et al. 1983a; Wilson et al. 1984; Suzuki et al. 1986 Suzuki et al. , 1990 Suzuki et al. , 1994 Suzuki, Moriwaki, and Nevo 1987; Allard and Honeycutt 1991; Nevo and Beiles 1992; Wall, Davis, and Read 1992; Hosoda et al. 1993; Nevo et al. 1993) . Both rDNA and mtDNA provide powerful diagnostic markers for the identification of populations, because (1) both rDNA and mtDNA exist as multiple copies in the mammalian genome and, thus, can easily be analyzed, and (2) many restriction fragment length polymorphisms (RFLPs) are specific to each population (inter-or intraspecifically). Combined analyses, exploiting both nuclear and cytoplasmic markers, should provide reliable information on the timing of divergence and on the topology of the phylogenetic tree of populations of a given animal species. However, in some cases, as absence of agreement has been found between results obtained with nuclear and cytoplasmic markers because of the different modes of inheritance of the markers. This problem reflects a phenomenon known as cytoplasmic gene flow and it provides evidence of historical episodes of differentiation of a population (subspecies or species; Ferris et al. 1983a; Tegelstrom 1987; Yonekawa et al. 1988) .
Recently, it was shown that Turkish mole rats have undergone extensive karyotypic evolution (2n = 38-62; Nevo et al. 1994a Nevo et al. , 1994b , as has been observed in Is- raeli mole rats. In the present study, we compared variations in rDNA and mtDNA between specimens of S. ehrenbergi and Spalax Zeucodon collected in 14 different localities in Turkey, Israel, and Egypt. Here we clarify the phylogenetic relationships among chromosomal species using molecular markers and we demonstrate that extensive karyotypic evolution must have occurred within the two superspecies, independently of the divergence of S. ehrenbergi and S. Zeucodon, during a relatively short period of evolutionary time. We found no evidence of the free exchange of genes between different chromosomal races but identified a case of substantial genetic differentiation within a particular chromosomal race.
Materials and Methods

Specimens Examined
Specimens of the superspecies S. Zeucodon were collected from 10 localities in Turkey ( fig. l) , namely, Balikesir (2n = 38), Bolu (2n = 54), Ankara (2n = 62), Konya (2n = 62), Afyon (2n = 62), Kutahya (2n = 62), Havza (2n = 62), Susheri (2n = 62), Sivas (2n = 62), and Kayseri (2n = 62), and specimens of S. ehrenbergi were collected from four other localities, namely, Urfa (2n = 52) and Gaziantep (2n = 58) in Turkey, Alma (2n = 52) in Israel, and El-Hammam (2n = 60) in Egypt (for the karyotypic divergence of Turkish Spalax, see fig. 1 in Nevo et al. [ 19891 and Nevo et al. [1994a, 1994b] ; for the Israeli material, see Nevo [ 199 11 ; for the Egyptian material, see Nevo et al. [ 199 1, 19921) . Livers were removed from the animals and were stored at -80°C at the Institute of Evolution, University of Haifa.
Southern Blot Analysis
Nuclear DNA was extracted from each liver as described by Maniatis, Fritsch, and Sambrook (1982) .
Southern blot analysis ( fig. 2 ) was carried out as described by Suzuki et al. (1990) . Genomic DNA was separately digested with 10 restriction enzymes (A&, BamHI, BglII, DraI, EcoRI, HindIII, PstI, PvuII, SacI, and XbaI). The digested DNAs were immobilized on nylon filters and then hybridized sequentially with four 32P-labeled probes, designated 18SB, 28S, INT, and mtDNA. For confirmation of some restriction sites in the internal spacer regions of rDNA, we sometimes used the 18SA probe (see fig. 3 ). The probes for rDNA (18SB, 18SA, 28S, INT) were prepared from clones of mouse rDNA as described by Kominami et al. (1981 Kominami et al. ( , 1982 and the sites of the rDNA repeat, corresponding to specific probes, are indicated in figure 3 . A probe for mtDNA was prepared from the liver of a hamster, as described by Yonekawa et al. (1981) . The sequential hybridization procedures used here improve the accuracy of measurements of fragment size, providing confirmation of the complete digestion of DNA. Autoradiographs were obtained by exposing hybridized membranes to Xray film or with an image analyzer (BAS2000; Fuji Film).
Phylogenetic Analyses
To estimate the sequence divergence among four major repetypes (rDNA repeat types) of the superspecies S. ehrenbergi and six repetypes of the superspecies S. Zeucodon ( fig. 3) , we compared the arrangement of restriction sites between pairs of rDNA repetypes, and we counted common and different sites. The sequence divergence among haplotypes of mtDNA was estimated from the number of common and different restriction fragments observed. Employing a method developed by Gotoh et al. (1979) Felsenstein (1993) . From the information relating to the presence or absence of each restriction site in the rDNA and a fragment of mtDNA, we also produced a phylogenetic tree by the maximum parsimony method, using the MIX program, with a "Wagner" option, in the PHYLIP package. Confidence levels for each grouping were calculated with a bootstrap program (SEQBOOT) in the PHYLIP package, with a total of 100 replicates. The trees were produced by application of the CONSENCE program of the PHYLIP package. restriction patterns. Two individuals from Ankara and Kutahya and four individuals from Konya, Susheri, Sivas, and Kayseri had the same repetypes, respectively. However, one individual from Havza was distinct from the other populations with 2n = 62 in terms of three restriction sites in the external spacer region: the Sac1 site upstream of the 5' end of the gene for 18s r-RNA; and the BamHI site (see fig. 2a, lane 8) and the PstI site downstream of the 3' end of the gene for 28s r-RNA. A detailed morphological comparison of the karyotypes remains, however, to be performed.
Restriction Fragment Patterns of mtDNA
Using the same Southern blots as those that had been used for the analysis of rDNA, we examined RFLPs of mtDNA with hamster mtDNA as the probe. Polymorphisms were detected among all 14 individuals from 14 different localities, the exceptions being two individuals collected from the small population at ElHammam. Figure 4 shows the cleavage patterns of mtDNA that were revealed in this study. We examined intrapopulational heterogeneity of mtDNA to determine whether each haplotype listed in figure 4 was representative of each respective population. Since cleavage patterns obtained with DruI were polymorphic but likely to be specific to each chromosomal species ( fig. 4) , we examined the "DraI type" of mtDNA in additional 26 individuals.
The patterns from most of the individuals corresponded closely to the restriction patterns of the representatives of each locality ( fig. 4) , suggesting that the degree of intrapopulational heterogeneity was small. One individual from Afyon was an exception, having the Ankara/Kenya type of mtDNA, namely, type e (see fig. 4 ), while the other four individuals from Afyon had type d mtDNA.
Phylogenies
To estimate the degree of sequence divergence among repetypes, we compared the arrangement of re- striction sites on the restriction maps of the rDNA spacers. The results are shown in table 1. Sequence divergence among haplotypes of mtDNA can be estimated from the number of common and different restriction fragments observed. Table 2 shows the results of such estimates. From the estimates of the extent of sequence divergence (tables 1 and 2), we constructed phylogenetic trees for the rDNA repetypes and the mtDNA haplotypes by the UPGMA and maximum parsimony methods ( fig. 5 ). We also constructed phylogenetic trees by the NJ method and the topology of these trees was generally similar to that of the trees presented in figure 5 .
The phylogenetic tree for rDNA ( fig. 5~ ) is quite similar to that obtained by analysis of allozymes (Nevo et al. 1994b) . The present phylogenetic studies revealed that the extent of intrasuperspecies differentiation is roughly half of the extent of differentiation between superspecies ( fig. 5~ ). Sequence divergence of rDNA spacers between the members of the superspecies was approximately 8%, while variations within each superspecies averaged 4%. Evidence from fossil and allozyme studies suggests that divergence of the S. ehrenbergi chromosomal species occurred in the early Pleistocene (l-2 Mya; Nevo 1991). Thus, it is likely that the divergence of the two superspecies of the mole rat occurred 2-4 Mya, as also estimated by an immunologic method (Nevo and Sarich 1974) . Zhao et al. (1993) analyzed pancreatic ribonuclease from the two superspecies and found a single difference: in S. Zeucodon, alanine was found at position 42; in S. ehrenbergi, proline was found at this position. Considering these facts, we assume that the divergence of the two superspecies preceded the extant karyotypic divergence that is observed within each superspecies.
If our assumption is correct, rapid karyotypic changes occurred in each lineage of the S. Zeucodon (2n = 38-62) and S. ehrenbergi (2n = 52-60) superspecies independently and, moreover, during a relatively short period of evolutionary time. The intrasuperspecies differentiation of rDNA spacers was generally associated with changes in the diploid number of chromosomes.
However, we also detected polymorphism within the populations of chromosomal species. Variations in restriction sites of spacers of rDNA indicate that the population at Havza has diverged from other populations with 2n = 62, as was also demonstrated by analysis of allozyme (Nevo et al. 1994a (Nevo et al. , 1994b and mtDNA RFLP ( fig. 5b) . The results indicate that genetic differentiation occurred without a change in the numbers of chromosomes (2n) in the Havza population.
The topologies of the trees for rDNA and mtDNA ( fig. 5 ) differ in several respects. In particular, the mtDNA haplotype of S. Zeucodon from Bolu is distinct from the other haplotypes of S. Zeucodon and the divergence between the two lineages, in terms of the mtDNAs from Bolu and the other localities, is about 10%. This value is nearly the same as the value that represents the divergence between the two superspecies. Because Bolu is quite far from the territory of S. ehrenbergi, it is unlikely that interspecies transmission of mtDNA occurred from S. ehrenbergi to S. leucodon. Thus, we assume that the extensive differentiation of the Bolu haplotype represents an ancestral polymorphism that may possibly have occurred before the intersuperspecies divergence of S. Zeucodon and S. ehrenbergi. Nevo et al. (1993) revealed the presence of high levels of intrachromosomal differentiation in mtDNA haplotypes in Downloaded from https://academic.oup.com/mbe/article-abstract/13/1/85/1055514 by guest on 21 March 2019 the chromosomal species of Israeli mole rats (2n = 60). In this case, the density of individuals is low and many isolates consisted of species with 2n = 60. By contrast, rDNA RFLPs are well homogenized within the populations and, thus, the extent of heterogeneity among individuals in the population is low (Suzuki, Moriwaki, and Nevo 1987; Nevo and Beiles 1988) . Therefore, a tendency may exist whereby, when homogenization by migration of individuals is low, intrapopulational divergence of mtDNA is accelerated and precedes the divergence of populations or species.
